DNA mismatch repair deficiency is observed in about 15% of human colorectal, gastric, and endometrial tumors and in lower frequencies in a minority of other tumors thereby causing insertion/deletion mutations at short repetitive sequences, recognized as microsatellite instability (MSI). Evolution of tumors, including those with MSI, is a continuous process of mutation and selection favoring neoplastic growth. Mutations in microsatellite-bearing genes that promote tumor cell growth in general (Real Common Target genes) are assumed to be the driving force during MSI carcinogenesis. Thus, microsatellite mutations in these genes should occur more frequently than mutations in microsatellite genes without contribution to malignancy (ByStander genes). So far, only a few Real Common Target genes have been identified by functional studies. Thus, comprehensive analysis of microsatellite mutations will provide important clues to the understanding of MSI-driven carcinogenesis. Here, we evaluated published mutation frequencies on 194 repeat tracts in 137 genes in MSI-H colorectal, endometrial, and gastric carcinomas and propose a statistical model that aims to identify Real Common Target genes. According to our model nine genes including BAX and TGFbRII were identified as Real Common Targets in colorectal cancer, one gene in gastric cancer, and three genes in endometrial cancer. Microsatellite mutations in five additional genes seem to be counterselected in gastrointestinal tumors. Overall, the general applicability, the capacity to unlimited data analysis, the inclusion of mutation data generated by different groups on different sets of tumors make this model a useful tool for predicting Real Common Target genes with specificity for MSI-H tumors of different organs, guiding subsequent functional studies to
Introduction
Two major forms of genetic instability known as chromosomal instability (CIN) (Lengauer et al., 1997) and microsatellite instability (MSI) (Ionov et al., 1993; Thibodeau et al., 1993) have been observed in human malignancies. The type and spectrum of mutated genes markedly differ among CIN and MSI-H tumors (Ionov et al., 1993; Konishi et al., 1996; Lengauer et al., 1998) , suggesting distinct but not mutually exclusive pathways of carcinogenesis (Perucho et al., 1994) . MSI usually manifests as insertion or deletion mutations at short repetitive DNA sequences termed microsatellites and is caused by functional loss of cellular DNA mismatch repair (MMR) (Aaltonen et al., 1993; Ionov et al., 1993; Thibodeau et al., 1993) . In the absence of any selection pressure these mutations should occur at a similar frequency in noncoding and coding microsatellites, primarily depending on repeat type and length (Sagher et al., 1999; Woerner et al., 2001) .
It is generally accepted that MSI carcinogenesis like progression of other tumors is an evolutionary process driven by genetic instability with the generation of large numbers of random mutations and selection of clones that exhibit malignant properties (for a review see Loeb, 2001) . Mutations in nonfunctional noncoding intronic or intergenic microsatellite sequences are unlikely to favor neoplastic growth of MMR-deficient cells. However, in a recent report substantial variation in the prevalence of mutations among noncoding mononucleotide tracts of different types but identical length was observed (Zhang et al., 2001) . Although these repeats were located deep within intronic sequences of a number of different genes, evidence that these regions of the genome do not play any tumorigenic role has not been provided. In contrast, MSI-associated insertion/deletion mutations in coding microsatellites of expressed genes inevitably confer a shift in the translational reading frame of encoded proteins ultimately abrogating or severely altering the normal protein function. At the cellular level, frameshift mutations in coding microsatellites might lead to different functional consequences: If the mutant proteins disrupt essential metabolic or signaling pathways, MMR-deficient cells will face growth arrest and eventually cell death. This in turn leads to counterselection and a bias toward decreased mutation frequencies in these particular cMS gene sequences in MSI-H tumors. Alternatively, mutations in coding microsatellites and their encoded proteins might not exert any tumorigenic effect and genetic alterations in these sequences should occur randomly and with similar frequency like mutations in nonfunctional microsatellites (ByStanders). Finally, some frameshift mutations in coding microsatellites will provide a growth advantage or an immune escape mechanism to affected cells. A positive selection for these mutations will lead to increased mutation frequencies in the corresponding genes in MMRdeficient tumors. It is generally believed that this latter subset of coding microsatellites defines critical targets of frameshift mutations specifically promoting MSI carcinogenesis in a large proportion of tumors (Real Common Targets).
Recent attempts therefore aimed to identify systematically cMS gene sequences in the human genome and to determine their frameshift mutation frequencies in MSI-H tumors (Duval et al., 2001) . The proteins encoded by these genes participate in a variety of essential cellular processes like signal transduction (TGFbRII, IGFIIR, PTEN; Markowitz et al., 1995) , apoptosis (BAX, caspase 5; Rampino et al., 1997; Schwartz et al., 1999), DNA repair (hMSH3, hMSH6, MBD4; Malkhosyan et al., 1996) , transcriptional regulation (TCF-4; Duval et al., 1999) , protein translocation and modification (SEC63, OGT; Woerner et al., 2001) , or immune surveillance (b2M (Bicknell et al., 1996) ). These studies revealed major differences in frameshift mutation frequencies among cMS sequences of identical type and length and different mutation frequencies for a given cMS sequence in MSI-H tumors of different organs. These findings strongly suggest that coding region MSI is a selective process and mutational inactivation of specific target genes and pathways should provide a growth advantage to such cells.
Initial attempts to distinguish Real Common Target genes from randomly mutated ByStander genes led to the proposal of five criteria: (i) a high mutation frequency, (ii) biallelic inactivation, (iii) a role in a growth suppressor pathway, (iv) the occurrence of alterations within the same pathway in MSI-negative tumors, and (v) in vitro or in vivo functional suppressor studies (Boland et al., 1998) . The third and fourth points are controversially discussed (Perucho, 1999) , because not all important pathways can be assumed to be known yet, and the pathways and mutated genes involved in carcinogenesis appear to differ significantly between MSI-H and MSS tumors (Perucho et al., 1994) . Only for a few of these genes like TGFbRII (Markowitz et al., 1995) and BAX (Rampino et al., 1997) , functional studies have provided clear evidence for a central role in MSI carcinogenesis. Mutation frequency apart from functional studies thus remains the most simple parameter when comparing published data on known cMS gene sequences with mutation data gathered on novel cMS candidate sequences in MSI-H tumors.
In the present study, we performed a comprehensive literature search on published cMS and ncMS mutation frequencies in MSI-H colorectal, endometrial, and gastric cancer. Based on cumulative mutation data of 169 cMS and 25 ncMS, we propose a statistical model that might prove helpful in predicting Real Common Target genes. According to our model, 11 microsatellite sequences were predicted as putative Real Common Target genes in MSI-H colorectal, gastric, or endometrial tumors. Mutations in five other microsatellite bearing genes seem to be selected against in these MSI-H tumor entities. The results of the statistical model presented here are independent of functional considerations and irrespective of the sets of tumor samples analysed by different investigators.
Results

Evaluation of microsatellite mutation data
As a first step towards establishing a reliable statistical model for predicting Real Common Target and Bystander genes in MSI-H tumors we thoroughly reviewed all reported data on microsatellite mutations. Only mononucleotide repeats were considered since they represent the most simple type of microsatellites. This extensive survey of the literature (April 2002) revealed 110 publications referring to mutation analyses of 245 coding and noncoding microsatellites in 177 genes either in MSI-H colorectal, gastric, or endometrial cancer. For statistical analysis only those primary data were included which unambiguously assigned specific cMS mutations to individual MSI-H tumor samples. A minimum cumulative sample number (n ¼ 10) was defined as a study entry criterion for each mononucleotide repeat in order to reduce sampling errors. Accordingly, mutation data on 161 coding mononucleotide repeats in 108 genes originating from 101 publications met these criteria (Supplemental Tables 1-3 available at http://www.med.uni-heidelberg.de/patho/pathmol/ woerner/model_real_targets). In addition, we included unpublished mutation data on eight novel cMS gene sequences not previously associated with MSI carcinogenesis (Supplemental Tables 1-3 ). These eight cMS containing genes originated from our previous systematic search for human cMS candidate sequences (Woerner et al., 2001 ) and were chosen for mutation analysis because they comprise particularly long coding mononucleotide repeats. We also calculated cumulative mutation frequencies in MSI-H tumors for 25 noncoding microsatellites (ncMS) in 22 different genes originating from 33 publications and own analyses (Supplemental Tables 1-3 ). The data set of cMS and ncMS sequences showed a disproportionate distribution regarding repeat type and length. In particular, homopolymeric runs of A represented the most commonly investigated repeat in this data set [n(A) ¼ 131, n(C) ¼ 20, n(G) ¼ 17, n(T) ¼ 25] and thus excluded subsequent regression analysis by repeat type. We also noticed that especially short and long repeat tracts were
Overall, 194 repeat tracts (169 cMS; 25 ncMS) in 137 genes (115 with cMS; 21 with ncMS, one with a cMS and an ncMS (Supplemental Tables 1-3*) entered our statistical analysis.
Cumulative mutation frequencies
Cumulative mutation frequencies were determined separately for each tumor entity. Compilation of published cMS mutation data qualifying for our statistical approach revealed the highest number of annotations for MSI-H colorectal tumors (CRC: 15.632) whereas recorded mutation analyses of cMS sequences in MSI-H gastric (GC: 4.232) or endometrial cancers (EC: 2.652) were strikingly lower. For a given repeat, both cumulative sample numbers (CRC: 10-1.236; GC: 10-399; EC: 12-275) and cumulative mutation frequencies (CRC: 0-100%; GC: 0-100%; EC: 0-92%) spanned over a wide range. The five most thoroughly investigated coding region microsatellites in all three tumor entities include the genes TFGbIIR 
Regression analysis for MSI-H colorectal cancers
For MSI-H colorectal tumors, we investigated cMS (n ¼ 163 within 114 genes) and ncMS (n ¼ 25 within 22 genes, Supplemental Table 1 (available at http://www.med.uni-heidelberg.de/patho/pathomol/ woerner/model_real_targets/)) sequences. Separate analysis of ncMS and cMS mutation data revealed different regression curves for both classes of repeats. (Figure 1 ). This difference was not unexpected because ncMS mutation frequencies most likely reflect the statistical mutation probability of ByStander genes, whereas the group of cMS sequences will include genes with impact on tumor progression. In order to exclude a biased statistical calculation combined analysis of ncMS and cMS mutation data was thus performed. Based on these data, we determined the 95% prediction interval (Figure 2 ). Using this approach, nine cMS harboring genes (PTHL3, HT001, TGFbIIR, AC1, ACVR2, SLC23A1, BAX, TCF-4, and MSH3) ranged above the upper prediction limit and thus were assumed to represent Real Common Targets in MSI-H colorectal tumors (Figure 2 ). In contrast, the cMS in CHD2 and RFC3 and the two ncMS in the BCL2 and WAF1 genes showed decreased mutation rates significantly below the lower prediction limit. Taken together, our model identified nine cMS gene sequences as Real Common Targets. Moreover, mutations in two cMS as well as in two ncMS sequences appeared to be counterselected in MSI-H colorectal tumors.
Regression analysis for MSI-H gastric cancers
Similar regression analyses were performed for repeat mutation data of MSI-H gastric (n ¼ 73 cMS in 62 genes and n ¼ 7 ncMS in seven genes, Supplemental Table 2 (available at http://www.med.uniheidelberg.de/patho/pathomol/woerner/model_real_tar-gets/)) and endometrial carcinoma (n ¼ 60 cMS in 52 genes and n ¼ 2 ncMS in two genes, Supplemental Table 3 (available at http://www.med.uni-heidelberg. de/patho/pathomol/woerner/model_real_targets/)). In MSI-H gastric cancer, mutation frequencies for the A 11 repeat in the gene for the TATA box binding associated factor B of RNA polymerase 1 (TAF1B) reached 87%. The cumulative mutation frequency of this repeat tract ranged above the upper prediction threshold thus claiming it to represent a Real Common Target gene (Figure 3 ). In addition, the T 14 repeat tract within a yet uncharacterized cDNA sequence (U79260) showed a significantly decreased mutation frequency of less than 10% (1/15) in MSI-H gastric cancers compared to a mutation frequency of about 80% (17/21) in colorectal tumors (P ¼ 0.005, Fisher's exact test, P-value adjusted according to Bonferroni-Holm). Thus, its mutation rate below the lower prediction threshold strongly suggests a negative selection pressure on this repeat tract in MSI-H gastric cancer.
Regression analysis for MSI-H endometrial cancers
In MSI-H endometrial tumors, three cMS located within the genes TAF1B, AIM2, and SLC23A1 appeared above the upper prediction interval reasoning them as Real Common Targets (Figure 4 ). Data points for the four well-known genes BAX, MSH3, MSH6, and PTEN clearly mapped above the average mutation frequency of repeats of the same length and type, but still below the upper prediction curve. Finally, the cMS mutation frequencies for IGFIIR, TCF-4, and TGFbIIR placed these genes quite close to or even below the fitted regression line. In conclusion, our statistical analysis revealed three cMS harboring genes as Real Common Target genes for MSI-H endometrial cancers.
Discussion
A new model for predicting genes involved in MSI tumorigenesis
Recently, several computer-based approaches have been initiated to identify and analyse mutations systematically in coding microsatellites and to identify new common target genes contributing to MSI carcinogenesis (Duval et al., 2001; Mori et al., 2001; Woerner et al., 2001) . These studies have provided a large number of data for a new statistical model that allows prediction about genes whose mutations are either selected for or against during MSI tumorigenesis. This model is generally applicable to all experimentally observed mutation data generated by different groups on different sets of MSI-H tissues and samples, accounting for a variety of different parameters. Our model accounts for the known correlation between repeat length and mutation frequency (Sia et al., 1997) and relies on three assumptions: First, the mutation rate of a repeat tract with n ¼ 1 repeat unit is identical to the somatic mutation rate in eucaryotic cells Figure 2 Regression analysis of ncMS and cMS (circles) for MSI-H colorectal cancer. The lower part is an enlarged clipping of the small inset above. The fitted regression line (solid black), the corresponding 95% confidence limits (gray lines), and the 95% prediction intervals (dashed black lines) are shown. Real Common Target genes characterized by high mutation frequency in cMS (black filled boxes) are identified above the upper prediction curve whereas genes displaying particularly low mutation frequencies in cMS (gray filled boxes) or ncMS (open gray boxes) due to counterselection reside below the lower prediction curve (10 À10 mutations per base pair replicated per generation (Kunkel and Bebenek, 2000) ); accordingly, an approximate value of zero was used in our model. Second, for a repeat tract with a length of n-N the mutation rate in mismatch repair-deficient cells would reach 100%. Interestingly, cMS sequences exceeding 14 repetitive units have not been detected in the human genome (Woerner et al., 2001) , presumably because of a limited MMR capacity in normal cells (Sia et al., 1997) and a high susceptibility of long repeats to somatic mutations. Third, the number of Real Common Target genes promoting MSI tumorigenesis is expected to be low, implicating that the majority of cMS and ncMS mutations would not provide a growth advantage. In such presumably neutral microsatellites mutations should arise at a mutation rate only depending on repeat type and length (Zhang et al., 2001 ). The mutation frequencies of an expected small number of Real Common Target genes are unlikely to have a significant influence on the fit of the regression curve. Therefore, we intentionally did not weight statistically the single data on the individual repeat tracts proportionate to the total number of analysed samples, since some known Real Common Target genes like TGFbIIR and BAX have been investigated more thoroughly yielding higher numbers of samples analysed. Weighted data points would increase the influence of genes of interest and of the few Real Common Target genes on the course of the regression curve. In contrast, genes of less scientific interest or more recently published microsatellite harboring genes would have been represented inadequately. This would have altered regression plots and biased statistical analysis.
Recently, a different statistical approach to discriminate Real Common Target genes from randomly mutated ByStander genes was proposed by Duval et al. (2001) . However, the microsatellite harboring genes analysed in this study have not been assorted to different groups of genes by clustering analyses, but by functional considerations on well-characterized genes. Subsequently, predictive values for the relevance of a gene in MSI-associated carcinogenesis have been calculated based on mutational analyses of these cMS-harboring genes using the same set of tumors. Assuming that the true number of Real Common Target genes is very small, a mathematical problem occurs: the larger the Real common targets and ByStander genes in MSI-H tumors SM Woerner et al number of candidate genes analysed, the lower is the percentage of mutations in each tumor. Consequently, the discriminatory power of these predictive values decreases. Moreover, mutation data for each tumor for a given panel of candidate genes is essential for the calculation of the aforementioned predictive values, but the number of putative targets that can be analysed is limited by the amount of available tumor tissue. Hence, in contrast to our model, this approach seems rather inappropriate for the systematic identification of Real Common Target genes in MSI-H tumors if analysis of all microsatellite harboring genes is envisioned. Recently, a comparison based on the same statistical approach between MSI-H colorectal, gastric, and endometrial cancer has been published . The authors observed qualitative and quantitative differences in target gene mutation profiles among gastrointestinal and endometrial MSI-H cancers, similar to the tissue-specific predictions made by our approach.
Predictions made by our model
According to our model, nine genes with coding region MSI (TGFbRII, BAX, TCF-4, MSH3, ACVR2, PTHL3, HT001, AC1, and SLC23A1) were predicted to represent Real Common Targets in mismatch repairdeficient colon cancers. At least for the TGFbRII and BAX genes cMS frameshift mutations have been reported to confer a growth advantage to MSI-H colon tumor cells (Markowitz et al., 1995; Ionov et al., 2000) , confirming the predictive power of our model. Such functional evidence is not shown at least for cMS mutations in ACVR2, PTHL3, HT001, AC1, and SLC23A1. TCF-4, involved in the wnt signal transduction pathway, is discussed to be a real target gene in MSI-H colorectal cancer (Duval et al., 1999) . The MMR gene MSH3 was reported to play an important role by increasing the instability phenomenon characterizing these cancers as a result of the statistical approach done by Duval et al. (2001) . Published observations suggest that inactivation of the activin receptors (ACVR2 and others) is associated with tumorigenesis in the gastrointestinal tract (Liu et al., 2000) . PTHL3, a secreted hormone involved in lactation and Ca-turnover, responsible for most cases of humoral hypercalcemia of malignancy, has been proposed as an antiproliferative factor (OMIM*168470). However, for HT001, an unknown cDNA, expressed in hypothalamus and other tissues, as well as for AC1, an unknown cDNA differentially expressed in neuroblastoma, evidence for their association with tumorigenesis is lacking. Mutations in AC1 like those in TGFbRII are more common in colorectal carcinomas, but rare in endometrial cancers with MSI indicating a positive selection pressure on mutated AC1 only in MSI-H colorectal cancer. SLC23A1 (SVCT2) encodes a solute carrier protein associated with tissue-specific uptake of vitamin C thereby preventing cells from free radical damage. Knockout mice for the SVCT2 gene died shortly after birth as a result of respiratory failure and extensive bleeding in the brain. However, the role of SVCT2 in adulthood and scurvy remains unclear and requires additional investigation (Hediger, 2002; Sotiriou et al., 2002) . Interestingly, SLC23A1 is mutated at a comparable mutation rate of about 40% in all three tumor entities presumably indicating a Real Common Target gene for all three organs.
In contrast to the high mutation frequencies of the predicted Real Common Target genes, the mutation rate of the A 10 repeat tract in the RFC3 gene is nearly 0%, suggesting a strong negative selection pressure on cMS mutations in this gene. RFC3 is an important cofactor of DNA polymerases delta and epsilon in DNA replication and repair. Together with four other proteins, it forms a clamp loading complex proposed to organize the higher-order architecture of the replication machinery. Frameshift mutations in the A 10 repeat of RFC3 would lead to a truncated protein unable to form stable RFC complexes (O'Donnell et al., 2001) . These functional considerations might provide an explanation why RFC3 remains protected from cMS mutations during MSI carcinogenesis.
CHD2 (chromodomain helicase DNA binding protein 2) is a DNA helicase. Genes of this family are suggested to be involved in the regulation of gene expression and modification of chromatin structure. One might hypothesize that global changes in chromatin structure as a consequence of CHD2 mutations might exert pleiotropic effects and thus could be envisioned to be counterselected during MSI tumorigenesis.
Unexpectedly, two noncoding but transcribed microsatellites (a T 10 in the 5 0 UTR of WAF1 and an A 10 in the 3 0 UTR of BCL2) displayed mutation frequencies below the lower prediction limit arguing for counterselection. Sequence elements in 5 0 or 3 0 UTR regions are known to control the rate of synthesis, stability, and translational efficiency of mRNA (Mignone et al., 2002) . Such control mechanisms could be responsible for the decreased mutation rate of these two UTR repeat tracts.
A strong negative selection pressure on these two genes seems to be very plausible.
There are some genes whose mutation frequencies are different from the average mutation frequency, but still range inside the upper and lower prediction limits. Examples of this group include the Rb-interacting zincfinger gene RIZ1, the gene for the insulin-like growth factor II receptor gene IGFIIR and Axin2 genes as members of the wnt signal transduction pathway, the PTEN gene encoding a dual specificity tyrosine phosphatase, and the mismatch repair gene MSH6. For some of these mutated gene products, functional support for promoting tumor cell growth has been provided (Souza et al., 1999; Chadwick et al., 2000; Liu et al., 2000; Piao et al., 2000; Sakurada et al., 2001) .
The predictions made by our model are unbiased and do not rely on any functional assumptions. However, they can be nicely combined with the recently proposed classification of target genes into four different categories . Accordingly, the nine cMS-harboring genes TGFbRII, BAX, TCF-4, MSH3, ACVR2, PTHL3, HT001, AC1, and SLC23A1 can be assigned to the category of Transformators. In contrast, the exceedingly rare mutations in the cMS sequences of CHD2, RFC3 (MSI-H CRC), and U79260 (MSI-H GC), and in the ncMS sequences of WAF1 and BCL2 would mark these genes as examples of the Survivor category. At this point one should remind that genes localized outside the prediction lines are suspicious and therefore can be declared as Real Common Target genes or survivors, but none of the genes localized within the prediction interval are allowed to be assigned to any of these groups. These genes only show a statistically non significant mutation rate at the time of investigation. Thus, genes localized between upper and lower prediction lines cannot be assigned to either of the Cooperator or Hibernator categories proposed by the Duval model.
Limitations of the model and future work
Although our model is able to make predictions about Real Common Target and Survivor genes based upon positively and negatively selected mutations in microsatellite sequences, these predictions are specific for a single repeat and do not account for mutations in multiple repeats within the same gene. Reported mutation data on multiple repeats within genes like RIZ, AXIN2, or PRKDC, however, suggest that one repeat is preferentially mutated (Supplemental Tables 1-3) . A further shortcoming of the model is the restriction to microsatellite mutation frequencies in single genes rather than cumulative mutation frequencies in different genes involved in the same pathway. In the case of a Real Target pathway, the mutation frequency of independent genes within such a pathway might be too low to be recognized as Real Common Target genes. A mutational analysis of entire pathways, that is, of all genes constituting one pathway is expected to result in high cumulative mutation frequencies for Real Target pathways and significantly lower mutation frequencies for pathways not involved in MSI-associated carcinogenesis. The anticorrespondence of IGFIIR and TGFbIIR mutations (Souza et al., 1996) might reflect such a situation. Cluster analysis of all gene-specific mutation data of a given pathway would overcome the above-mentioned restriction, but requires mutation analysis of large numbers of cMS sequences in the same set of tumor samples often available only at limited amounts. Most likely, both theories -Real Common Target genes as well as Real Common Target pathways -even can coexist and overlap. Finally, our model is based on the analysis of mutation rates in samples, where multiple selection processes during the course of carcinogenesis have already manifested in MSI-associated carcinoma and thus, this analysis represents an end point view. Consequently, the Real Common Target genes predicted by our model, might rather reflect the selection pressure under which a cancer phenotype is maintained than the situation in premalignant cell clones during MSI-driven carcinogenesis.
Overall, our model is capable of detecting a large number of but probably not all, Real Common Target genes or Survivor genes. Future studies should try to determine the exact repeat mutation frequencies for a given gene in large numbers of tumor samples. Currently, such comprehensive cumulative information is only available for some genes (e.g. TGFbIIR), thereby increasing the reliability of single data points in the regression analysis. Additional studies on larger numbers of repeat harboring genes, as well as examination of multiple repeat tracts within a particular gene will reveal a true global view of repeat mutation frequencies. Especially the investigation of a large series of noncoding microsatellites mainly representing ByStander genes, accounting for the background mutation rate in MSI-H tumors, will further specify the model's predictions and, thus, will help to focus on genes of very high interest.
Materials and methods
Statistical Methods
Building data tables Publications reporting mutation frequencies of microsatellite genes were examined and data on investigated tumor samples as well as mutated microsatellites were sorted by gene and repeat type in a spreadsheet. Individual sample numbers and numbers of mutated samples from each single publication for each repeat tract within a gene were summarized. Subsequently, tissue-specific cumulative mutation rates were calculated. If no single data for individual repeats were available -a correlation of mutation rate and repeat length is not possible if data from at least two repeats were combined -or if cell lines and tumor samples were shown as one item, these data were omitted. In order to minimize sampling errors only repeat mutation data obtained from at least 10 tissue samples were considered for statistical analysis. A detailed listing of all mutation data together with corresponding references is available at http://www.med.uniheidelberg.de/patho/pathomol/woerner/model_real_targets/as supplemental information.
Statistical analysis
To model the dependency of the mutation rate y i on the repeat length x i in publication i a nonlinear regression model was chosen: y ij ¼ f(x i , y)+e ij , where f(x i , y) describes the nonlinear relation between repeat length and mutation rate. The errors are assumed to be centered random variables, E(e ij ) ¼ 0, having homogeneous variance. We chose the logistic regression model since it can be seen as a direct probability model if the regression function is the logistic function [1+exp(Àx)] -1 , which is restricted to range from 0 to1. A general four-parameter logistic regression model that includes arbitrary lower and upper asymptotes is given by f ðx; yÞ ¼ y 0 þ a 1 þ e ÀððxÀdÞ=bÞ with nonzero lower asymptote y 0 . The upper asymptote y 0 +a represents the maximum mutation rate possible. Both parameters, y 0 and a, can be assumed to be 0 and 1, respectively, since the mutation rate of repeat tracts depends on repeat unit size increasing with repeat unit size (Sia et al., 1997) and can be assumed to be asymptotically equal to 1. The model now simplifies to
, which is estimated by the maximum likelihood method (ML). The fitted curve is skewsymmetric with an inflection point at x ¼ d and f(x, y) ¼ 1/2. To determine the accuracy of the parameter estimates,ŷ y, and estimates for functions of parameters,l l ¼ lðŷ yÞ, we calculated the Wald test and the likelihood ratio test (Huet et al., 1996) . In addition, asymptotic 95% confidence and prediction intervals were computed. Owing to particularly small numbers of some single nucleotide groups for ncMS (n(A) ¼ 17, n(C) ¼ 0, n(G) ¼ 5, and n(T) ¼ 3) and cMS (n(A) ¼ 115, n(C) ¼ 20, n(G) ¼ 12, and n(T) ¼ 22) leading to very unequal groups, all four nucleotides were combined for ncMS and cMS analysis each. Based on the assumption that the majority of mutations affecting noncoding as well as coding microsatellites are unlikely to play any tumorigenic role and thus are expected to show medial mutation frequencies, we also combined ncMS and cMS for logistic regression analysis.
Additional comparisons of mutation rates of microsatellite gene sequences between MSI-H colorectal, endometrial, and gastric carcinomas have been performed using Fisher's exact test. To account for multiple testing the P-values were adjusted according to the method of Bonferroni-Holm.
Data analysis and visualization was done using SigmaPlot 2001 for Windows Version 7.0 (SPSS Inc., Chicago, IL, USA) and S-Plus, Version 3.4 for Unix (Insightful Corporation, Cambridge, MA, USA) using the software library nls2 for nonlinear regression (Huet et al., 1996) . For all analyses twosided tests were used and the significance level a was set to 5%.
Mutation analysis A group of 15 genes containing cMS had been investigated previously for mutations in MSI-H colorectal tumors and cell lines (Woerner et al., 2001) . These repeat tracts were analysed in the present study for mutations in MSI-H gastric and endometrial cancers. Nine additional genes harboring A 11 repeats (TAF1B, MACS, HT001), A 10 repeats (CHD2, UVRAG, TCF6L1, ABCF1, AIM2), and one G 9 repeat (ELAVL3) that had not yet been analysed for frameshift mutations in MSI-H colorectal, gastric, and endometrial tumors were examined in the present study. During preparation of this manuscript mutations in the A 10 repeat of one of these candidate genes (AIM2) have been reported (Mori et al., 2001 ). These cMS genes were selected from our list of human coding microsatellites (Woerner et al., 2001 ) because they represent the longest coding repeat tracts. Primer sequences are available from the authors upon request. The mutation status of the ncMS APdelta3 was assessed in a set of 32 MSI-H colorectal tumor samples using published primer sequences (Ionov et al., 1993) .
Tumor samples and microsatellite analysis MSI-H primary tumors from the colon (n ¼ 21, Department of Surgery, University of Heidelberg, Germany), stomach (n ¼ 15, Department of Surgery, TU Munich, Germany), and endometrium (n ¼ 12; Institute of Pathology, Mannheim, Germany) were analysed. MSI classification was performed as previously described (Woerner et al., 2001 ) using the ICG-HNPCC microsatellite reference marker panel (Boland et al., 1998) . Fragment analysis was carried out on ABI 310/3100 genetic analyzers (Applied Biosystems, Darmstadt, Germany) using the Genescan Analysis Software (Applied Biosystems, Darmstadt, Germany).
